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Abstract 
Underground coal gasification (UCG) has re-emerged as an energy technology for coal conversion and utilization given its 
attractive economics, ability to access inaccessible coals, and versatility of use. Based on published and new cost estimates, 
engineering analyses, and new commercial pilots it appears that UCG can produce syngas for ½ to ¼ of the cost compared to 
surface gasifiers. New pilots announced in India, Canada, New Zealand, Wyoming, Alberta, China, and Australia to commence 
in 2009-2010 are preludes to commercial projects to produce hydrogen, power, liquid fuels, and chemicals. Importantly, UCG 
may have special promise in combination with carbon capture and sequestration (CCS). First, there is a high degree of 
coincidence between coal resources and potential sequestration sites. Second, preliminary engineering and economic assessments 
suggest that it would be possible to fully or partially decarbonize many UCG product streams with CCS at costs at or below their
surface equivalents without CCS. At present, all projects proposed for North America have CCS as a component to their carbon 
management strategy.    
Keywords: UCG; underground coal gasification; carbon sequestration; coal-to-liquids; synthetic natural gas; coal utilization; in-situ coal
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1. Introduction 
Underground coal gasification (UCG) has re-emerged as an energy technology for coal conversion and 
utilization. UCG can use otherwise inaccessible coals, can produce syngas for power and for fuels (i.e., liquid fuels, 
synthetic natural gas, or hydrogen), and has attractive economics [1]. These attributes have improved as emphasis 
has increased on secure domestic energy supply, limitations to natural gas production in North America, and 
increased focus on environmental concerns such as mercury, sulfur, and greenhouse gas emissions. UCG could 
increase the coal resource available for utilization enormously by gasifying otherwise unmineable deep or thin coals 
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under many different geological settings.  Studies suggest a potential 300-400% increase in recoverable coal
reserves may be possible [2].  For developing countries, including India and China, UCG may have additional
benefits due both to low cost and promise of criteria pollution control.
Ultimately, UCG will compete in the marketplace with conventional and novel gasification technologies to 
provide syngas for fuel and power applications, which will in turn compete against other fuels such as biodiesel and
gasoline. In the coming years, these technologies will compete not just on an economic basis but on the costs and
difficulties of managing CO2 emissions. This paper discusses UCG as a general technology for fuel production, but
also for its carbon management potential in concert with carbon capture and sequestration (CCS).
2. UCG process and prior work
Underground coal gasification (UCG) converts coal in-situ into synthesis gas or “syngas” through the same
chemical reactions that occur in surface gasifiers.  Partial heat of combustion drives the key gasification reactions
which convert subsurface coal into a synthesis gas (syngas) at elevated pressures and temperatures. The first
experiment in UCG was tried in 1912, followed by large research programs in the former Soviet Union (FSU), the
US, Europe, and China. Operating UCG facilities have produced power, hydrogen, and chemical feedstocks, mostly
in the FSU and China.
During UCG, gas is produced and
extracted from deep coal seams. Operators
drill wells to inject air or oxygen that drive
combustion and gasification in-situ, and to
produce the coal gas to surface for further
processing, transport, or utilization (e.g.,
Figure 1). There are many different
demonstrated module designs, including
single horizontal and vertical wells, paired
horizontal wells, paired vertical wells, and 
more complex well geometries (e.g., 
herringbone). In order to avoid potential
environmental concerns, the reactor cavity
is operated at less than hydrostatic pressure,
which brings water into the gasification
reactor in-situ. As such, successful UCG 
operation relies on the natural permeability
of the coal seam to transmit gases to and
from the combustion zone, or on enhanced permeability created through reversed combustion, an in-seam channel,
or hydro-fracturing.
UCG has been tested in many different experimental tests in many countries [1].  The U.S. carried out over 30 
pilots between 1975 and 1996, testing bituminous, sub-bituminous, and lignite coals.  Before that, the Former Soviet
Union executed over 50 years of research on UCG, roughly 200 field tests and several commercial projects
producing over 15 million tons of coal. Much of this was at the electric power plant in Angren, Uzbekistan that is
still in operation after 47 years.  Since 1991, China has executed at least 16 tests, and has several commercial UCG 
projects for chemical and fertilizer feedstocks [3].  In 2000, Australia began a large pilot, Linc Energy’s Chinchilla
project. Chinchilla produced syngas for 3 years and converted 35,000 tons of coal into syngas before a controlled
shut-down and controlled restart.
At present, there are two active pre-commercial pilots of UCG. The first, Eskom’s Majuba project in South
Africa, began January 20007. It produces 100 kw of electricity from 5000 m3/hr production. However, the success
of this pilot, led by ErgoExergy, has led to an announced 2100 MW new IGCC plant to be run entirely on UCG
Figure 1: Cartoon of UCG reactor cavity with paired vertical wells.
Reactor is below water table, preventing uncontrolled fires. Air or O2
enters the injection well and syngas exits the production well. Water
enters from the coal and surrounding rocks. Courtesy of ErgoExergy, Inc.
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syngas at 375,000 m3/hr production rate. The other pilot, ENN’s pilot in Inner Mongolia, China, ignited October
2007. Results from this pilot show sustained production of syngas in terms of rate and composition over 5 months.
New pilots have been announced in India, Canada, New Zealand, Wyoming, China, and Australia to commence in
2009-2010 as a prelude to commercial projects to produce hydrogen, power, liquid fuels, and chemicals. In all cases, 
coal resources will be exploited that could not be mined due to depth, overburden characteristics, geologic
complexity, or land use restrictions. As such, UCG is pursued as a complement to conventional mining and
transportation.
3. UCG for fuels production
UCG syngas is similar in many ways to syngas from surface gasifiers. The primary components are H2, CO, CO2,
CH4, and H2S. The pressures and temperatures of produced gas are similar, at 30-50 bars for a 300-500m deep seam,
and 500-800ºC outlet temperatures for sub-bituminous coals and up to 1000ºC for bituminous coals. Given the
similarities, any coal-to-products stream engineering process for surface gasifiers can operate on UCG syngas and
can be designed and modeled using conventional tools (e.g., AspenTech). UCG syngas is often richer in H2 and CO2
and lean in CO [1] and surface plants should be sized to these differences in process feedstock.
Preliminary analysis suggests that the basic economics of UCG should compare favorably to surface equivalents
for a range of potential applications [4]. This conclusion is fairly robust, because the equivalent UCG-sourced
project does not require the capital expense of a gasifier or the operating expense of gasifier upkeep, purchase and
shipment of coal, or ash management.
Several projects have begun in UCG for fuels and chemicals production. The most advanced of these today is
Linc Energy’s project in Australia at the Chinchilla site. They announced initial Fischer-Tropsche liquids production
on Oct. 14th, 2008, and are currently expanding production to 20,000 bbl/day. In contrast, ENN’s project at
Wulanchabu is aimed at methanol production, with the goal of 20,000 tons/year commencing in late 2008. The pilot
results have been sufficiently good that ENN plans to expand operations to a new 300,000 t/yr UCG methanol plant
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Figure 2: Schematic diagram of a UCG driven 57,800 ton/year methanol plant with carbon capture and separation. The plant is 
designed and assessed in Aspen. Note substantial hot gas clean up, desulfurization units, and Selexol separation units.
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near Tongliao to start production in late 2009. Sasol has announced a pilot at the Secunda site. First-gas production
is expected in late 2009, with aims of F-T production to follow. Two projects are proceeding rapidly in Alberta, 
Canada configured for polygeneration. These projects are planning CO2-EOR, power generation, and sale of
hydrogen, syngas, and heat to heavy oil upgrading facilities. Both companies have leases on coal and have begun
permitting.
4. UCG and carbon capture and sequestration
Importantly, UCG may have special promise in combination with carbon capture and sequestration (CCS). There
is a high degree of coincidence between coal resources and potential sequestration sites in North America, India, and
China. Initial estimates of published sequestration resource suggest that >75% of current, planned, and previous
UCG pilots lay within 50 km of prospective saline aquifers, depleted oil and gas fields, and EOR possibilities.
Production pressures and temperatures of UCG syngas are 30-80 bars and 500-1000ºC, similar to conventional
surface gasifiers. It is believed that UCG syngas can take advantage of the comparatively low cost of separation
using physical sorbents that an IGCC would use. Because the composition and outlet pressures of UCG streams at
the surface are comparable to those from surface gasifiers, the costs and methodologies for pre-combustion
separation (e.g., Selexol) are directly comparable. For hydrogen production, UCG syngas can be paired with water-
gas shift reactors followed by H2/CO2 separation. This is in fact practice in China for fertilizer production [2].
Oxyfiring options are possible for UCG as well. An air separation unit can generate O2 both for injection into the
reactor [5] and for use in an oxyfired power block. Post-combustion methods would be directly comparable in terms
of cost and performance, but again with attractive front end economics. Finally, there remains potential for UCG to
provide additional benefits to capture designs. For example, UCG reactors in seams deeper than 800 m may provide
excess pressure at the surface which could be harnessed either to run a high pressure process (e.g., methanol
production) or to reduce net compression costs for sequestration.
With respect to sequestration, the close spatial coincidence of conventional geological carbon storage (GCS)
options with UCG opportunities suggests that operators could co-locate UCG and GCS projects with a high
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Figure 3: Past and present UCG projects relative to sequestration resource. Basemap from Bradshaw and Dance (2004). RM1 =
Rocky Mountain 1. The full complement of pilots un the former Soviet Union are not shown.
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likelihood of effective CO2 storage. In general, these storage options would be the same for conventional CS 
operations, including saline formations and mature oil and gas fields. For a UCG-CCS operation aimed at 
conventional sequestration targets, there may be synergies in site characterization and monitoring, where work done 
for the CCS project component could be coordinated with UCG component or visa versa. It may also be possible to 
pair pipeline networks (CO2, syngas, SNG) in terms of permitting and rights-of-way, again reducing incremental 
costs.
Finally, it may be possible to store some fraction of concentrated CO2 streams in the spent subsurface reactor.  
This would require a UCG reactor at supercritical pressure and temperature conditions (e.g.  deeper than 800 m; 
after quenching and thermal re-equilibration). This approach, if successful, would be able to exploit a new 
sequestration resource created during commercial operation. However, it is not clear at present if this option is 
viable. For example, while there may be beneficial feedbacks (e.g., coal swelling in the presence of CO2, leading to 
autosealing) there are likely to be problematic feedbacks (e.g, heating and quenching of the first caprock, potentially 
fracturing or otherwise compromising storage integrity). There remains substantial scientific uncertainty in the 
environmental risks and fate of CO2 stored this way [1,6] and as such a sustained R&D program is required before 
commercialization is possible. 
It is noteworthy that the three advanced North American UCG projects (Wyoming and Alberta) both plan pre-
combustion capture efforts paired with EOR and, if needed, saline formation storage projects. The projects, if 
successful, could become global templates for combining UCG and CCS for carbon management. 
5. Key environmental and engineering issues for UCG deployment 
Even though UCG has a number of advantages, there are potential engineering and environmental concerns that 
must be met for successful operation. Any project to commercialize UCG faces challenges that will require some 
research and development investment to overcome, especially when combined with CCS efforts. 
From an engineering perspective, UCG operations cannot be controlled to the same extent as surface gasifiers.  
Many important process variables, such as the rate of water influx, the distribution of reactants in the gasification 
zone, and the growth rate of the cavity, can only be estimated from measurements of temperatures and product gas 
quality and quantity. The primary engineering control is the rate and composition of the injected oxidant (air or O2), 
however the appropriate response to manage pressure and injection composition is not well understood.  
This lack of subsurface process control has two immediate consequences for surface engineering. The first is that 
the produced volume and composition of the gas fluctuate around a mean level. The amplitude and episodicity of 
these fluctuations can be estimated in advance based on simulation and empirical data from prior pilot tests. 
However, this requires that swing capacity and flexibility be designed into surface facilities using UCG syngas. The 
second is that drops in reactor temperature can result in production of tars. In extreme cases, tars can plug 
production tubing and shut-down the reactor. In less extreme cases, tars that are not properly handled at the surface 
could rapidly degrade surface facilities. This requires that a great deal of care and thought enter into the design of 
hot-gas clean-up and treatment of the raw gas. Unfortunately, there is not a deep literature on this topic and limited 
modeling work has been published to date. 
While UCG can provide substantial environmental benefits when properly executed, it can have significant 
environmental consequences when improperly executed. Two specific hazards are of concern. The first is 
subsidence, which can result from the evacuation of coal from depth, akin to long-wall mining. This can be managed 
through proper site selection [1,7] and by leaving walls and pillars in place [1,2]. In general, deeper UCG projects 
will have less risk of discrete or problematic subsidence, but in all cases this approach must be managed. 
Similarly, groundwater contamination is a potential consequence of poor UCG selection and operation.  There 
are many examples of sites where no aquifer contamination occurred (e.g., Rocky Mountain 1 [8], Tremendal [9]). 
The best documented of these is at the Chinchilla pilot in Queensland, Australia [10], where the UCG reactor 
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operated below hydrostatic pressure, bringing connate water into the reactor. This led to overall clean-up and 
reduction of aquifer benzene and VOCs. However, there are sites where poor environmental planning and 
management led to ground water contamination. The most studied of these is Hoe Creek, Wyoming, where poor 
siting and operation led to cavity roof collapse and product gas loss into the local groundwater system [11].  While a 
framework can be constructed from current knowledge that can eliminate or reduce these environmental risks [1], it 
is important to proactively address this constraint on siting and operation of any future UCG projects 
6. Discussion
The potential for UCG to access low grade, inaccessible coal resources and convert them commercially and 
competitively into syngas is enormous, with potential applications in power, fuel, and chemical production. The 
technical viability has been demonstrated repeatedly over the years. The commercial viability of accessing that 
potential successfully appears to require a four key components. First, it requires integration of three fields of 
knowledge: (1) high level of chemical engineering finesse, (2) operational skills and knowledge such as drilling and 
completion planning and execution, and (3) strong geoscience understanding including hydrology and 
geomechanics. Project teams that have succeeded historically have worked these three disciplinary issues well. 
Second, it requires the design and management of commercial facilities within the variability of UCG syngas 
streams. Here, there appears to be some commercial experience and demonstration but with little or no 
documentation or technical validation. Third, modern operators must conform to a high level of environmental 
protection, including management of subsidence and avoidance of groundwater contamination. This has been 
demonstrated repeatedly, but pending projects must proceed with the highest possible diligence to avoid problems 
that could retard progress in UCG deployment globally. Fourth, future opportunities in OECD countries will require 
active carbon management strategies, most likely carbon capture and sequestration. For fuel and chemical 
applications, sequestration of high-concentration by-product streams appears likely; for power applications, 
conventional carbon separation technologies appear viable. Unfortunately, there have been no pilots or commercial 
projects that combine UCG and CCS, and almost no coupled simulation or engineering analysis. 
As projects are announced and progress, it is extremely important to take opportunities for scientific programs. 
These programs should collect engineering, geophysical, and geochemical data that could serve as a basis for 
economic and environmental assessment. In addition, simulation and monitoring tools are needed to develop and 
validate a predictive capability for planning and development and to demonstrate a high level of environmental 
integrity (or document non-compliance). Standards for siting and permitting are required. An explicit coupling with 
CCS in OECD countries will help to increase acceptance for UCG. Ultimately, these needs can be met with a 
sustained, transparent, and targeted R&D effort. The lack of technical and scientific information will likely hamper 
initial projects and reduce the number of early successes and increase the risks of failures. 
7. Conclusions 
UCG appears to have great promise in a carbon-constrained world for commercial and economically competitive 
power and fuel production. While UCG appears to be commercially viable in many countries and contexts, there 
remain several key scientific and technical gaps.  These gaps could be addressed in a short period of time with an 
accelerated research program that uses existing knowledge, planned commercial tests, and advances in engineering 
and earth science simulations to accelerate and disseminate learnings.  This research would help to support a 
framework proposed herein for best practices, and validate aspects of the current understanding that have not been 
thoroughly studied and rendered. 
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